Abstract: The objective of this study was to investigate if milk β-hydroxybutyrate (BHBA) can be used as an indicator of ketosis. The different measures of milk BHBA were moderately genetically correlated with ketosis. The results imply that milk BHBA could be used to indirectly select animals that are more resistant to ketosis.
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Hyperketonemia or ketosis is one of the most frequent diseases in dairy cattle, which is caused by a severe negative energy balance in early lactation. The reference test to diagnose hyperketonemia is the determination of β-hydroxybutyrate (BHBA) concentration in blood (Duffield 2000) ; however, due to practical limitations, this sampling procedure is not suitable for routine analysis. Alternatively, concentrations of ketone bodies in milk are highly correlated with blood levels (Denis-Robichaud et al. 2014 ) and can be analyzed in milk samples by mid-infrared spectrometry (de Roos et al. 2007 ).
In the Netherlands, a routine genetic evaluation for ketosis based on milk BHBA, milk acetone, and fat to protein ratio was introduced in 2014 (Vosman et al. 2015) .
Since October 2011, screening for hyperketonemia based on a BHBA analysis by mid-infrared spectrometry of test-day milk samples is offered in Canada by Valacta (Sainte-Anne-de-Bellevue, QC, Canada), the Canadian dairy herd improvement organization responsible for Québec and Atlantic provinces.
The objective of this study was to investigate whether milk BHBA traits (milk BHBA at the first test day, maximum milk BHBA, and standard deviation of milk BHBA) are feasible as indicators for ketosis in Canadian Holsteins.
Ketosis data recorded by dairy producers across Canada from April 2007 to April 2015 were obtained from the Canadian Dairy Network (Guelph, Ontario). Cases of ketosis are recorded by producers according to the disease definitions described by Kelton et al. (1998) . Primary clinical ketosis is diagnosed if a cow has a decreased appetite and if there is evidence of elevated milk, urine, or breath ketones in the absence of another concurrent disease. Ketosis resulting from another disease (secondary ketosis) is not recorded. A minimum disease frequency (reported cases per herd and year) of 1% was applied to ensure continuous data recording within individual herds. Clinical ketosis was defined as a binary trait (0 = no case, 1 = at least one case) based on whether or not the cow had at least one disease case recorded within 100 d after calving. Test-day records for milk BHBA recorded between 5 and 100 d in milk (DIM) from October 2011 to December 2014 were obtained from Valacta (Sainte-Anne-de-Bellevue, QC, Canada). Test-day milk samples were analyzed by a mid-infrared spectrometer (MilkoScan FT+, Foss, Hillerød, Denmark) with previously developed calibration equations for milk BHBA from Foss (Hillerød, Denmark). For all analyses, the milk BHBA concentrations were log e -transformed to normalize their distribution. To allow a log e transformation of the data, a constant of 1.00 was added to milk BHBA concentrations to prevent zero values, for which log e is not defined. Statistical analyses were carried out for various log e -transformed milk BHBA traits: (1) milk BHBA at the first test day (5-40 DIM; BHBA First ), (2) maximum milk BHBA between 5 and 100 DIM (BHBA Max ), and (3) standard deviation of milk BHBA between 5 and 100 DIM (BHBA SD ) from cows with at least two test-day records. Milk BHBA data were merged with ketosis data and only cows with information on ketosis were considered. Only records from first-lactation Holstein cows with an age between 19 and 43 mo at calving were included in this study. A summary of statistics of the analyzed data set is given in Table 1 . The final data set included information from 83 814 first-lactation cows from 1501 herds. The animal pedigree file was generated by tracing the pedigrees of cows with data 7 generations back and contained the relationship of 314 618 animals.
For genetic analyses, bivariate linear animal models were fitted using the average information-restricted maximum likelihood (AI-REML) procedure in the DMU package (Madsen and Jensen 2008) . Although threshold models are, at least in theory, more appropriate to analyze binary traits, linear models were applied to analyze ketosis. In a previous study on Canadian health data, Neuenschwander (2010) found that the use of threshold models did not improve the goodness of fit compared with linear models. Besides, genetic correlations are reported to be correct for binary traits using linear models (e.g., Negussie et al. 2008) .
The following linear animal model was applied to all traits:
where y is a vector of observations for a pair of traits; β is a vector of systematic effects, including fixed effects of age at calving for all traits, year-season of calving for all traits and DIM for BHBA First ; h is a vector of random herd-year of calving effects for all traits; a is a vector of random animal additive genetic effects; e is a vector of random residuals; and X, Z h , and Z a are the corresponding incidence matrices. Age at first calving had 16 classes, in which <22 and a Diseased cows had significantly higher means (P < 0.05) for all of the three milk BHBA traits, which was tested by a twosample t test. >35 mo were the first and last classes, respectively, and other classes were single months. Four seasons of calving were defined from January to March, April to June, July to September, and October to December. Random effects were assumed to be normally distributed with means equal to zero and the covariance structure in the bivariate analyses was equal to
where H 0 is the herd-year of calving (co)variance (2 × 2) matrix; G 0 is the additive genetic (co)variance (2 × 2) matrix; R 0 is the residual (co)variance (2 × 2) matrix, I and A are identity and additive genetic relationship matrices, respectively, and ⊗ is the Kronecker product. Summary statistics for ketosis and milk BHBA traits are presented in Table 1 . Mean frequency of ketosis was 4.2% in first-lactation Canadian Holsteins. Fig. 1 shows the mean milk BHBA between 5 and 100 DIM from healthy and diseased cows. Milk BHBA of cows with ketosis was higher in early lactation and decreased more pronouncedly as lactation progressed in cows with ketosis than in healthy cows.
Means of analyzed milk BHBA traits in first-lactation cows with and without ketosis are shown in Table 2 . As expected, diseased cows had significantly higher means (P < 0.05) for all of the three milk BHBA traits.
Heritabilities, genetic, and phenotypic correlations are given in Table 3 . Phenotypic correlations were low between ketosis and milk BHBA traits, ranging from 0.14 to 0.19, whereas high phenotypic correlations were found among the milk BHBA traits (from 0.75 to 0.91).
Heritability for ketosis was 0.02, which is in agreement with previous estimates based on linear models (Koeck et al. 2015; Jamrozik et al. 2016 ). Higher heritabilities were found for BHBA First (0.13) and BHBA Max (0.12), whereas the heritability for BHBA SD was much lower (0.02). In agreement with our results, van der Drift et al. (2012) found a heritability of 0.16 for milk BHBA in dairy cows between 5 and 60 DIM. Based on previous Canadian studies, heritabilities for milk BHBA at the first test day ranged from 0.07 to 0.13 (Koeck et al. 2014 (Koeck et al. , 2015 Jamrozik et al. 2016) .
Milk BHBA First , BHBA Max , and BHBA SD were moderately genetically correlated with ketosis, with estimates of 0.70, 0.64, and 0.82, respectively. Similar results were found in previous studies in Canadian Holsteins based on smaller data sets, with genetic correlations ranging from 0.37 to 0.75 between ketosis and milk BHBA First (Koeck et al. 2014 (Koeck et al. , 2015 Jamrozik et al. 2016) .
All BHBA traits were strongly genetically correlated with each other. The highest estimate was found between BHBA First and BHBA Max (0.99), whereas the genetic correlations between the other trait combinations were slightly lower (0.91 between BHBA First and BHBA SD and 0.86 between BHBA Max and BHBA SD ).
Herd-year and residual correlations are shown in Table 4 . Herd-year correlations ranged from 0.19 to 0.32 between ketosis and milk BHBA traits, whereas high herd-year correlations were found among the three milk BHBA traits (from 0.86 to 0.99). Similar, residual correlations were low between ketosis and milk BHBA traits (from 0.12 to 0.14), whereas high estimates were obtained among the three milk BHBA traits (from 0.75 to 0.89).
In conclusion, ketosis and milk BHBA traits showed favorable moderate genetic correlations in first-lactation Canadian Holstein cows. Overall, the results of the present study indicate that selecting animals with a lower milk BHBA could be used to indirectly select for animals that are more resistant to ketosis. It seems to be sufficient to include only BHBA First as an indicator trait in a routine genetic evaluation for resistance to ketosis. This trait is available earlier in comparison with the other traits. Furthermore, BHBA Max and BHBA SD are highly correlated with BHBA First ; therefore, they do not add much additional information. In fact, the indirect selection for ketosis using BHBA First as indicator trait is expected to yield about 65% more selection response than the direct selection for ketosis based on the estimated heritabilities and genetic correlation, and assuming the same selection intensity for both traits. However, selection intensity would be even higher with BHBA First as an indicator trait. 
